Abstract Environmental studies in adaptive human biology by North American anthropologists have a history of strong investigative research. From both laboratory and field work, we have gained major insights into human response to physical and social challenges. While these results were considered by most professionals to belong within evolutionary biology, in fact the intellectual structure sprang almost entirely from physiological equilibrium models. Consequently, physiological process itself was the focus. Further, most of the physiological patterns were not linked directly to important outcomes such as work output, reproductive success or survival.
Introduction
My objective is to briefly review some achievements of physiological anthropology, consider the role of theory, and finally note challenges for future research. This is not a review of the literature, but rather some personal impressions of progress in North American physiological anthropology by someone who has been a researcher since the early 1960s. An underlying premise is that adaptation is one of the most powerful concepts in biology. While it may have been used naively, it still has great value as a conceptual scheme to guide research.
Theory in Physiological Anthropology I: Darwin and Natural Selection
Charles Darwin's concept of natural selection is currently our best explanation for the emergence of biological adaptation. However, its structure is genetic and populational, and it often operates over multiple generation time spans. Traits must confer differential advantages in fertility or mortality in order to affect adaptation in future generations. Physiological anthropology has not pursued examples of natural selection to match those in other areas of biology. Let us review a stunning example from reproductive biology.
In 1982, Federici and Terrenato (cited in Wood, 1994 : 237) analyzed a sample of 3,358 live-born Italian male infants. The authors determined that the lowest mortality was at about 3,600 g birth weight, and that both lighter and heavier infants showed poorer survival, increasing in severity toward the ends of the curve. Since birth weight has an estimated heritability of about .25 (Magnus et al., 2001) , this may be an example of balancing natural selection. Selective pressure operates to keep infants large enough to survive and small enough to tolerate birth stresses. A large Norwegian sample (Vangen et al., 2002) showed a J-shaped rather than a U-shaped infant survival curve based on weight, but the principal remains, and the outcome is of great importance in everyday life. Physiological anthropologists should consider incorporation of such questions into our research designs.
There is one fundamental problem with how physiological
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anthropology was first conceptualized. We simply did not see that it was our task to directly examine relationships between physiological traits and survival or reproduction. Instead, we accepted the very presence of physiological variation or polymorphism as evidence of functional differences, with an assumed connection to past natural selection almost as an afterthought. In essence, demonstration of physiological patterns became the objective in itself, rather than connecting those variations to key life events. A second problem was also central in the application of evolutionary theory to human environmental adaptation. Even when traits were shown to have some functional or adaptive advantage, there was seldom any thought given to heritability of physiological patterns.
Heritability
"Heritability" generally means the degree of genetic control of a trait's phenotypic expression-a concept usually applied to quantitative or metric traits. We have now made some progress in estimating heritability of potentially adaptive traits, including morphological, physiological and behavioral phenotypes.
In their 2004 paper, An and colleagues reported further analysis of data from Claude Bouchard's HERITAGE study of Canadian families. The basic protocol was exercise at 50 watts resistance on a cycle ergometer. When heritability of heart rate was estimated, 30% of the variance was explained by a major recessive gene, and an additional 27% was due to a multifactor genetic component. That is, 57% of variance in heart rate, at this light exercise level, was attributed to heredity. Several other physiological traits have been examined for heritability, such as resting metabolic rate-estimated to have 40 % of its variance explained by genetic factors (Bouchard, 1991) .
Early environmental physiology studies frequently used cooled hand or foot skin temperatures as markers of thermal stress resistance, but few considered heritability. One heritability example by Koertvelyessy and Thompson (1975) employed the exacting monozygous/dyzygous twin comparison method. While they confirmed heritability of anthropometric dimensions such as stature and sitting height, physiological responses, including cooled finger temperature and recovery-period blood pressure, showed no heritability. The strength of their findings was compromised somewhat by limited sample sizes, but it was a pioneering study. The lack of interest in pursuing this somewhat counter-intuitive finding has helped to exclude physiological anthropology from mainstream evolutionary biology.
Ironically, there were numerous early studies in which heritability was estimated for anthropometric traits. Vandenberg (1962) reviewed several studies of both adult and younger twins. Results concurred that lineal dimensions such as height, arm length and sitting height had moderate to high heritability, whereas lateral dimensions and circumferences showed weaker genetic influences. Percent body fat falls somewhere between the two, if Bouchard's 1991 estimate of 25% explained variance is an indicator.
Psychologists have actively pursued the issue of genetic and environmental influences on behavioral traits. While the twin comparison method has some interpretive problems, it still offers a strong analytical model. For instance, T. J. Bouchard (1990) , in his famous study of monozygous twins reared in different households, concluded that many behaviors have surprisingly high heritability estimates. For instance, an adaptive characteristic such of speed of response to information, showed an intraclass correlation of .56.
It appears that classic physiological anthropology has simply not elevated issues of heredity to a position of intellectual importance. Most professionals in the U.S. if asked would say that evolution, and more narrowly natural selection, constitutes our primary theory. However, selection is not normally incorporated into research design. I believe the reason for that is because our thinking has always been dominated by a second great body of theory.
Theory in Physiological Anthropology II: Bernard and Stability
In the mid 19th Century Claude Bernard spelled out the concept of the body as a machine, highly regulated by multiple control systems to maintain stability at the cellular level. The concept was later called "homeostasis" by Walter Cannon, and this is the dominant model in contemporary physiology. Early physiological anthropologists were either trained in this basic physiological logic, or were influenced by research which incorporated the concept. Since we were particularly interested in adaptation to extreme physical conditions such as heat, cold and altitude, the physiological ideas of maintaining equilibrium under stress were very appealing. Given that physiological theory is both proximate in causation and concerned with a clearly defined individual body, it was an ideal construct for study of the details of stress response. Further, regulatory functions are both less subtle and more measurable that are the microevolutionary changes implicit in evolutionary theory. To illustrate our general historical orientation, let us consider a few classic studies in human cold response. These were completed before a general shift in interest to health, rather than physiological response, became the primary trend.
Early Physiological Anthropology
In North America, the developmental period of physiological anthropology began about 1950 and continued until about 1975. Its roots lay in the American military experiences in World War II and Korea. Thermal injuries such as frostbite and heatstroke raised questions about underlying physiological mechanisms, and "environmental physiology" emerged as a distinct sub-field within physiology. The Handbook of Physiology, edited by Dill et al., (1964) reflects the international nature of research interest in this general area.
In 1953, Schuman reported his detailed epidemiological risk analysis of U.S. Army cold injuries sustained during the Korean winter campaign of [1951] [1952] . Of all factors considered, "race" was probably the strongest single risk predictor. Black soldiers showed six times the cold injuries compared to whites from the same units. Differential acclimatization did not seem to be a major issue, since white soldiers from warm areas of the U.S. still had significantly fewer cold injuries than blacks from cold areas. Racial differences in injury rates implied that there might have been genetic differences predisposing to cold injury, though behavioral factors could not be entirely discounted.
To examine possible ethnic differences in cold resistance, Meehan (1955) conducted experiments on a large sample of black and white American soldiers serving in Alaska, with comparison to Eskimos and Indians native to Alaska. The tests recorded finger temperatures during 30 minute hand immersion in stirred 0°C water-a very stressful challenge. Natives maintained finger temperatures at a mean of about 10°C, blacks at about 3°C, and whites intermediate between the two. Many of the black soldiers had finger temperatures near 0°C during most of the test, and that appeared to explain higher risk of cold injury in blacks. Anthropologists also realized that these data supported a natural selection explanation, since those of tropical ancestry had no evolutionary adaptation for cold resistance and also showed the most cold injury.
Since the 1950s, we have learned that blacks (African Americans) show relative high levels of serum angiotensins, and also have tendency toward vasoconstriction and hypertension. This may be due to elevated frequencies of 235T allele phenotypes, interacting with psychological stress (Cooper et al., 1997) . That is, low cold resistance may have to do with other events in population history, rather than lack of natural selection by cold. Regardless of the ultimate cause, several studies have confirmed Meehan's 1955 results. While that leaves the environmental natural selection hypothesis still somewhat uncertain, it is supported by data from Asia. Beall and Steegmann (2000) constructed a map of cold resistance cines, running north to south, for East and Southeast Asia. Predictably, outdoor workers in the north have the highest resistance to finger cooling, while those from south China and Indonesia have the least. Further, laborers have more resistance than others, but the acclimatizational advantage is not great in any given setting. This tends to support argument in favor of genetic differences for cold resistance worldwide, with secondary causation being acclimatization.
There are several questions concerning these differences. Are they adaptive today, or are they relics of past adaptations that are no longer necessary? Could they result from nongenetic sources? For instance, could differences between black and white cooling resistance be products of pre-natal nutritional stress? The Barker hypothesis proposes that several adult health problems are due to pre-natal developmental stress, and we may assume that that stress could affect function in several body systems (Lummaa and Clutton-Brock, 2002) . In order to incorporate these questions into research design, we need a clear definition of "adaptation (adaptability)". The following is my own definition but derives form Paul Baker's original concept.
An adaptation is any trait that maintains or improves health, reproductive potential, work capacity, or longevity. The concept should be extended to include security and social order, and may have both genetic and non-genetic elements.
While we traditionally saw adaptation as a biological phenomenon, human adaptation is heavily dependent on behavior, some of which has non-genetic sources. We now often use the term "adaptability" which refers to the capacity to respond to change. The breadth of these definitions also lend themselves to application in biocultural causal models (reviewed later in the paper).
Roots of Contemporary Physiological Anthropology
It appears that the year 1975 was a divide between early physiological anthropology and the present era. Albert Damon had run a series of seminars at Harvard University in an effort to synthesize the field. The result was his Physiological Anthropology, published by Oxford University Press in 1975. His contributors produced chapters on response to physical environment (ultraviolet light, heat, cold, desert, and altitude). But there were also reviews of emergent research areas such as noise, work, nutrition, infectious disease, behavioral adaptation and stress. We did not then recognize that interest in response to physical environment was declining, and studies of health (as an outcome of complex biological, social and ecological forces) were on the rise. In anthropology, this shift is most closely identified with Paul Baker and his Pennsylvania State University students (Baker et al., 1986) . However, it also reflected new interest within medicine in effects of life style on health. The famous Framingham atherosclerosis study had uncovered evidence of the importance of smoking , exercise and diet on mortality (Dawber, 1980) . Damon's book also contained a profound insight by Richard Mazess, unfortunately somewhat hidden in his chapter on altitude. He suggested two criteria for the adaptiveness of a trait. First, we must determine a trait's Relative Benefit in a specific environment. For instance, do less healthy people still get as much work done and have as many children as more healthy people? Second, we must assess a trait's Degree of Necessity relative to environmental conditions. By example, if unhealthy people get less work done, does the work they do still provide for an adequate quality of life? In traditional physiological anthropology, these questions were seldom considered. It was thought to be sufficient to describe physiological variation itself, without demonstrating the differential benefit or necessity linked to the phenotype.
Let me present an unexplored potential for this approach, using data I once collected from a group of Native Americans who lived in the Canadian sub-arctic. The data in figure one are individual finger temperatures of a group of Ojibwa men working outdoors at forestry tasks, under conditions of about Ϫ30°C ambient, but no wind (Steegmann, 1977) . It is evident that four men have finger temperatures below 13°C, the approximate temperature at which finger motor control is lost (Fig. 1) . If these reflect typical temperatures of the four individuals, do the lower temperatures have any functional implications? Are those men more prone to cold injury, less productive economically, less well nourished, or fathers of fewer children? At the time, I didn't think to ask those questions, although my colleagues in cultural anthropology had the information. I look back on this episode as a lost opportunity, but also offer it as advice for future investigations.
We can use the same conceptual model in studies of health and illness. In American culture, we assume that illness reduces work output, and many people do not go to work, even with somewhat minor illnesses. This is especially true in jobs where pay continues despite absence due to illness. It is less clear that the same attitudes prevailed in the America of 100 years ago, where no work meant no pay. But, the relation between illness and work output turns out to be rather complex in many settings. Collins et al. (1988) made surprising observations on Sudanese workers with schistosomiasis infections. Farmers with light or moderate schistosome loads continued to be as productive as were their uninfected peers. In this case, infected workers would work more slowly, but longer-affirming the importance of self-pacing in many areas of human labor. The key point is that infection had no relationship to productivity until parasite infestation became severe. This is not the only area of human biology where assumptions may be weak, and the study of human body size distribution offers another example.
Biogeographic Rules
Geographic variation in human body size and shape has long been seen as a product of climatic adaptation, with the assumption that morphology influences physiological function. Bergmann's rule states that in widely distributed homeothermic species, sub-populations in colder areas show greater body size. Using 19th and early 20th Century worldwide data, Roberts (1953) found a correlation of Ϫ.589 between human male bodyweight and mean annual temperature. The usual interpretation of Bergmann's rule is that larger body size produces relatively lower surface area-per-unit-of-mass, and consequently functions to conserve body heat. However, Mayr (1963: 319) pointed out that Bergmann's rule only describes a phenotype distribution, and what its adaptive function may be, if any, is a separate issue. Further, there has now been some doubt cast on the evolutionary genetics of this rule in humans. Using a world sample of male human data, collected more recently that those of Roberts, Katzmarzyk and Leonard (1998) found a decrease of the body weight-mean annual temperature correlation to Ϫ.267. Their interpretation of the weaker value is that tropical people currently have better nutrition, and are consequently larger than in the past.
A further complexity in this morphology-function argument has to do with thermal role of the body surface at different temperatures. At high ambient temperatures, the body gets rid of heat by bring it to the surface by conduction and circulation. The shell and surface of the body are near core temperature. Consequently, the measured surface area of the body relates to its capacity to loose heat. However, in the cold, large areas of outer (shell) body tissue are cooled by vasoconstriction, counter-current heat exchange, and tissue insulation, and there is a lot of individual variation. The 37°C core "withdraws" and becomes smaller than in the heat. Consequently, comparisons of surface:mass ratios between hot and cold climate peoples is misleading. Relative surface area is simply a much less useful measure in cold conditions. However, Ruff (1994) convincingly demonstrated that the body gets wider in cold as compared to warm climate populations (bi-iliac diameter-latitude rϭ.866). This suggests that head and trunk dimensions may be more important thermally than those of the entire body.
Allen's rule states that extremities will be relatively shorter in cold climate sub-populations, with heat conservation or loss being the assumed adaptive functions. Roberts (1978) found a correlation of Ϫ.619 between sitting height as a percent of stature and mean annual temperature. Interestingly, body proportions seem to have high heritability, despite a certain amount of developmental plasticity due to nutritional differences. For instance, an anthropometric comparison of black and white American soldiers showed that they were closely matched for height and weight. However, those of African ancestry retain the tropical pattern of relative short trunks and long legs, compared to the longer trunks of those from temperate (European) ancestry (Steegmann, 2005) . The supposed thermal advantages of different body proportions have not been investigated experimentally, and there is probably an historical explanation for that. It would seem that thermal-morphological studies went out of style before we had answered some of the basic questions. This is partly due to the rise of interest in health studies in the 1970s, strengthened by availability of research money through U.S. health funding agencies. At the same time, the astonishing gains in molecular biology drew off talent and funding. We already know that subcutaneous adipose tissue protects us from loss of core temperature, and there is now evidence that muscle has the same role. However, there is little experimental evidence for cold protection due to wide bodies, long trunks, or shorter distal arm or leg segments. Thermal advantages of low relative surface area have been tested, but most studies of adults show it offers no evident advantage when other aspects of morphology are accounted for.
It is of particular importance to understand the relationships between heat loss, conservation, and morphology in children. The operation of natural selection may be at its peak before adulthood, so that this is an area of interest to both physiological anthropology and evolutionary biology. Falk (1998) summarized the weaknesses of child thermoregulation, compared to adults. Children have greater surface area:mass ratios, lower blood volume per unit of surface area, smaller sweat glands, and greater oxygen cost of locomotion. High surface area:mass ratio is hard to interpret in children. In the heat, they can lose heat easily, but also gain it more easily from solar radiation. Effects of cold are less ambiguous, since high surface area for unit of mass promotes heat loss. Sloan and Keating (1973) recorded core body temperatures and anthropometrics for 28 children swimming in 20°C water for 33 to 40 minutes. Core temperature loss was largely predicted by subcutaneous fat thickness (rϭϪ.85, 72.3% variance explained). When surface area:mass ratio was added in the multiple regression (RϭϪ.91), an additional 10.1% of the variance was explained. We must assume that these two variables exhaust the explanatory capacity of this experiment, and factors such as wider bodies or shorter extremities would account for minor variance.
Aging
Older people make little direct genetic contribution to the next generation. Consequently, their longevity may have little relationship to natural selection. However, behavioral ecologists are now trying to determine whether grandparents may promote their own genes by contributing to the survival and well being of their adult children and grandchildren, as suggested by Hawkes et al. (1989) and now known as the "grandmother hypothesis". Results of hypothesis testing have been mixed, but are increasingly supportive (Hawkes, 2004) . However, longevity may contribute to family well being, regardless of genetic considerations, and factors in survival of the elderly are issues for physiological anthropology to consider (see Crews, 2003) .
While heat and cold may be minor sources of excess mortality, they are relatively more dangerous to older people. In 1993, MMWR reported on heat related deaths, by age and race, in the U. S., 1979-1988 . After age 75, heat related deaths increase noticeably, but four to seven times more in blacks than whites. This was attributed to poor nutrition, residence in the hottest areas of cities, and inadequate cooling. Higher rates of hypertension and diabetes, as well as stress from discrimination, may also play a role in blacks. Since thermoregulatory capacity declines with age as well, this is a classic arena for study by physiological anthropologists.
Assumptions continue to shape problems that scientists choose to investigate. For instance, intuition would tell us that cold morbidity and mortality should be highest in areas with the most severe winter cold. However, at least in Europe, that turns out to be incorrect. In a 1997 study, The Eurowinter Group concluded that winter cold-related mortality was lower in Finland and Russia than in Italy, Spain or Portugal, and the authors explain using a biocultural model. Cold climate people keep their houses comfortably warm during the winter, and are careful to wear warm clothing. In contrast, countries across the southern tier of Europe are less prepared for winter heating. Further they don't think of their areas as being cold, and less frequently use mittens, hats, and warm coats. In Healey's 2003 report on 14 European countries, Portugal shows the highest rate of excess winter mortality. Since thermoregulatory capacity declines with age, the elderly are predicted to be affected disproportionately.
Theory in Physiological Anthropology III: Biocultural Models
A third great research model now guides much of the research in American physiological anthropology. Many human biologists use what is usually called the Biocultural Model (see Thomas, 1998) . This construct assumes that most outcomes of importance to human well being are caused by combinations of biological, social and environmental factors, so that any single outcome is suspected of having multiple causes. The model is proximate in structure, meaning "focused on immediate causation", and implicitly non-evolutionary. It does not matter what the cause may be, but merely that it affects the human condition in a specific situation. The greatest environmental threat to our welfare is change, acting so fast that overwhelms traditional solutions. Some of the results of research using this approach tend to be situation-specific and non-generalizable, but the models make powerful predictions in specific settings. Put another way, biocultural models lend themselves well to applied research.
An example is a model used to guide research completed in Beijing, PRC by a joint team from the University at Buffalo and The Institute of Occupational Medicine, Beijing. The subjects were laborers who hauled heavy loads on three wheeled, human powered cycles. Since they were paid according to the weight of each load and the distance it was hauled, monthly pay was a direct measure of individual economic production. We initially assumed that pay would be predicted by a range of independent variables including maximum aerobic capacity, body size and composition, age, health, diet, thermal tolerance, motivation, and work behavior. Several variables correlated to pay (for example V O 2 max, rϭ .261; motivation, rϭ.483). However, using multiple regression, likely predictors such as size and V O 2 max dropped out, and more behavioral factors such alcohol use, carbohydrate consumption, and household health explained 62% of the variance in monthly pay (Steegmann et al., 1997) . We took this as an indicator of the importance of behavior in determining an important life outcome (pay), and we have come to appreciate better the importance of adaptability rather than genetic adaptation as a primary human strategy.
Conclusions
1. The equilibrium theory of Bernard and Cannon is widely used in physiological anthropology research design, and continues to be powerful, but narrow.
2. The causes of equilibrium maintenance are more predictive if we use behavioral, physical and biological variables in our research (the biocultural model), and look for multiple causation. We must continue to strive to determine whether the outcome variables we study confer any differential benefit, and whether they are really necessary for life quality even if they are beneficial (Mazess, 1975) .
3. Some traditional problems in physiological anthropology have been abandoned without having been solved. They still offer a worthy challenge for both theoretical and applied work.
4. If we can determine genetic heritability of physiological traits that are demonstrably related to human well being, we will gain deeper understanding of both genetic and non-genetic adaptation, and take our place within evolutionary biology.
